Interest in pyrimidine nucleotide biosynthesis has stemmed largely from the importance of these molecules as components of nucleic acids. Regulation of pyrimidine biosynthesis has been most extensively investigated in micro-organisms in which cell division is effectively controlled by regulation of the activity of the enzymes of the d e n o v o pathway (77, 11 0). The relation between pyrimidine biosynthesis and cellular proliferation in mammals has become clearer with the accumulation of a considerable body of evidence which indicates that there is a close correlation between the activity of enzymes involved in pyrimidine biosynthesis and the rate of cellular proliferation.
Interest in pyrimidine nucleotide biosynthesis has stemmed largely from the importance of these molecules as components of nucleic acids. Regulation of pyrimidine biosynthesis has been most extensively investigated in micro-organisms in which cell division is effectively controlled by regulation of the activity of the enzymes of the d e n o v o pathway (77, 11 0) . The relation between pyrimidine biosynthesis and cellular proliferation in mammals has become clearer with the accumulation of a considerable body of evidence which indicates that there is a close correlation between the activity of enzymes involved in pyrimidine biosynthesis and the rate of cellular proliferation.
The d e n o v o pyrimidine biosynthetic pathway and the urea cycle b o t h utilize carbamyl phosphate, and important nitrogen carrier. The biosynthesis of pyrimidine and purine nucleotides are connected by a common intermediate, phosphoribosyl pyrophosphate (PRPP). In addition, pyrimidine nucleotides act as sugar and phospholipid carriers and are important in lipopolysaccharide biosynthesis. The importance of these interrelations is most forcibly emphasized b y certain clinical phenomena which will be discussed later. This paper will attempt t o review the broad biologic aspects of pyrimidine nucleotide biosynthesis. A detailed consideration of d e n o v o pyrimidine biosynthesis in eucaryotic cells is available in the recent review by Jones (81) . Pyrimidine biosynthesis in procaryotes has been reviewed in depth by O'Donovan and Neuhard (1 10) .
PATHWAYS O F PYRIMIDINE NUCLEOTIDE BIOSYNTHESIS
In cells from multicellular organisms, pyrimidine nucleotide biosynthesis can proceed b y two mechanisms. D e n o v o biosynthesis of uridylic acid proceeds from simple components such as carbon dioxide, a source of nitrogen (either ammonia or the amide nitrogen of glutamine), ATP, aspartate. and ribose in the form of phosphoribosyl p y r~p h o s~h a t e . A reutilization ("salvage") mechanism is also available t o cells.
-.
whereby preformed pyrimidine bases o r nucleosides can be converted t o the nucleotide by the addition of ribose phosphate or phosphate.
DE NOVO MECHANISM
D e n o v o biosynthesis of uridylic acid required six enzymatic steps ( Fig. 1) . In procaryotes one enzyme supplies the carbamyl phosphate required for both pyrimidine nucleotide and arginine biosynthesis. Consequently, aspartate transcarbamylase is the first enzyme unique to the d e n o v o pyrimidine pathway and an important locus for control of the pathway (77) .
In contrast, in ureotelic vertebrates, there are t w o carbamyl phosphate synthetases. The first, carbamyl phosphate synthetase I, is located in the inner membrane of the mitochondrion of the liver and also appears t o be present in small quantities in kidney and small intestine (82) . The second, carbamyl phosphate syntlietase 11, has a more ubiquitous distribution and was first demonstrated t o be present in Ehrlich ascites cells (58, 59 ) and in hematopoietic mouse spleen (75, 143) . This enzyme was originally difficult t o detect because of its relatively low activity and high lability. However, the discovery that the enzyme could be stabilized b y its substrate, magnesium-ATP (59) , and by dimethyl sulfoxide and glycerol (144, 146) , made it possible t o demonstrate that the enzyme was widely distributed in mammalian tissues (74, 128, 144, 163) .
The two synthetases have different properties which lends support t o the concept that they have distinct roles in supplying carbamyl phosphate for either arginine biosynthesis or for uridylic acid biosynthesis (80) . The mitochondria1 carbamyl phosphate synthetase I can utilize ammonia as a source of nitrogen and is activated by N-acetyl glutamate, which also stimulates urea biosynthesis in liver slices. Carbamyl phosphate synthetase 11, found in the cytosol, utilizes glutamine as its normal nitrogen source as indicated by the K, values for glutamine and ammonia (144) . In addition, glutamine analogs inhibit this enzyme but d o not affect carbamyl phosphate synthetase I (59, 60, 163) . The role of carbamyl phosphate synthetase I1 in de novo pyrimidine biosynthesis is indicated, not only by its general distribution in most tissues, but also by the factors that control its activity. UTP, an end product of the de novo pyrimidine pathway, is a feedback inhibitor of carbamyl phosphate synthetase I1 (74, 94, 143) , apparently acting in an allosteric fashion (94) . Phosphoribosyl pyrophosphate, a substrate required for both purine and pyrimidine biosynthesis, enhances the activity of carbamyl phosphate synthetase I1 when added at low concentrations (132, 145, 147) . The second enzyme of the d o novo pathway is aspartate transcarbamylase (EC. 2.1.3.2). In fungi this enzyme is part of a multifunctional complex which also contains carbamyl phosphate synthetase I1 (8 1). These two enzymes are also in close physical association in mammalian tissues (71, 80) . In addition, Shoaf and Jones (130) (131) (132) found that the third enzyme of the de novo pyrimidine pathway, dihydroorotase (EC. 3.5.2.3), is also present in the complex.
The aspartate transcarbamylase activity of the mammalian complex, unlike the enzyme from many procaryotic species and yeast, is not sensitive t o feedback regulation by nucleotides (35, 7 1, 120) .
Dihydro-orotase activity is only marginally affected by pyrimidine compounds, with the exception of orotic acid, which substantially inhibits the enzyme (19, 58) . Dihydroorotic acid dehydrogenase (EC. 1.3.3.1), the next enzyme in the pathway, is possibly the least studied of the de novo pyrimidine enzymes. The electron acceptor for the conversion of dihydro-orotic acid t o orotic acid has not been characterized for the mammalian enzyme. This enzyme is apparently associated with the cell membranes since Shoaf and Jones (132) showed that, in contrast t o the other enzymes required for de novo pyrimidine nucleotide biosynthesis, the majority of the dihydro-orotate dehydrogenase activity from Ehrlich ascites cells sediments with the nuclei and cell membrane fraction.
The terminal two enzymes of the de novo pyrimidine pathway also exist as a complex in mammals. Appel (2) found that orotate phosphoribosyl transferase and orotidylate decarboxylase copurified when these enzymes were isolated from bovine brain. The two enzymes have also been copurified from thymus gland and erythrocytes (63, 83) and they cosediment in a sucrose gradient when extracted from Ehrlich ascites cells (13 1, 132) . The complex from thymus gland can be separated on starch gel, but when separated, the transferase activity may be completely lost (83) .
Genetic evidence from humans with congenital orotic aciduria is consistent with the concept that orotate phosphoribosyl transferase and orotidylate decarboxylase form as enzyme complex. In all but one of the cases reported, only very low levels of both of the enzymes were detected (12, 136) .
The one exception was the case described by Fox et al. (47) , in which a very low orotidylate decarboxylase level was accompanied by an elevated orotate phosphoribosyl transferase.
The presumed advantage t o the cell of enzyme complexes in the de novo pathway lies in the physical separation of pyrimidine and arginine-urea biosynthesis. It has been shown that, in Neurospora, the complex existing between carbamyl phosphate synthetase I1 and aspartate transcarbamylase enables the carbamyl phosphate synthesized in the cytoplasm to be effectively channeled into de novo pyrimidine biosynthesis (36, 80) .
It has become evident recently that the conversion of orotate to uridylate may be an important site of regulation in de novo pyrimidine biosynthesis. Uridine substantially inhibits the incorporation of (' c)aspartate (1 17) and ' ~0~ (70) into uridine nucleotides in hepatoma cells. Hoogenraad and Lee (70) showed that the effects of uridine were caused by an effect on the level of activity of orotate phosphoribosyl transferase, even though uridine or its nucleotides did not directly inhibit this enzyme. In addition, it appears that the availability of PRPP may be crucial in the regulation of de novo pyrimidine biosynthesis, inasmuch as orotate accumulates in cultures of mammalian cells t o which small amounts of adenine have been added (73) , and the toxic effects of adenine (73, 102) may be removed by supplementation of cells with uridine (73) , showing that the toxicity is caused by pyrimidine starvation.
The activity of orotidylate decarboxylase also can be regulated by the pyrimidine nucleotides, UMP and CMP (3, 15, 16, 33) . However, it is doubtful that this is an important regulatory mechanism, because the Ki for inhibition by these nucleotides is high and the levels of UMP and CMP are usually extremely low (3, 1 17).
REUTILIZATION O F PYRIMIDINE NUCLEOSIDES
Pyrimidine nucleosides from exogenous sources and from endogenous breakdown of nucleic acids are available for pyrimidine nucleotide biosynthesis through the mediation of a number of enzymes which have collectively been called the "salvage pathway" or "reutilization pathway." The enzymes of this pathway (Fig. 2) 
4).
Uridine phosphorylase catalyzes reversibly the reaction between uracil and ribose 1-phosphate t o form uridine and inorganic phosphate. The enzyme is widely distributed in animal tissues (23, 86) . Uridine kinase catalyzes the conversion of uridine t o UMP. The name is somewhat limiting because the enzyme will also convert cytidine to CMP (134) . Uridine kinase is required for the conversion of the antineoplastic agent 5-fluorouracil to the active nucleotide, and resistance t o this drug occurs when the enzyme becomes modified (135) . In the sequence of reactions leading from uridine t o UTP, the conversion of uridine t o UMP is rate limiting and sensitive to inhibition by UTP and CTP (1) . The phosphorylation of cytidine is also inhibited by UTP and CTP.
Thymidine kinase is also widely distributed in animal tissues as evidenced by the widespread use of radioactively labeled thymidine t o measure DNA biosynthesis. As is the case with uridine kinase (90) , thymidine kinase appears t o be present in fetal and adult liver in different forms (22, 87) , and its activity is subject t o product inhibition by dTTP and dCTP (22) .
INTERCONVERSIONS O F PYRIMIDINE NUCLEOTIDES
Uridylic acid is converted into the range of pyrimidine nucleotides required for mammalian metabolism by a series of enzymes, many of which appear t o be under complex metabolic control. These enzymes have been extensively studied in micro-organisms (23, 1 lo), and research with the mammalian enzymes indicates that many of the controls are similar t o those found in micro-organisms (86, 137) . Figure 3 summarizes the reactions involved in the interconversions of pyrimidine nucleotides.
PYRIMIDINE NUCLEOTIDES IN CARBOHYDRATE AND LIPID BIOSYNTHESIS
The importance of pyrimidine nucleotides in carbohydrate metabolism is exemplified by the role of UDP-glucose as a substrate for glycogen synthetase (68) and of UDP-galactose as a substrate for galactose transferase (4) . The rapidity with which glucogen pools are turned over and the extent of lactose biosynthesis in lactating mammary glands support the quantitative importance of uridine nucleotides in the cellular metabolism of carbohydrates.
Synthesis of cell membranes also requires pyrimidine nucleotides as carriers of lipopolysaccharide precursors. Although it is clear that pyrimidine nucleotides have widespread functions in cellular metabolism, it is not known whether there are separate controls that regulate the supply of pyrimidine nucleotides for carbohydrate and lipid metabolism. It would seem unlikely that the biosynthesis of pyrimidine nucleotides is regulated solely by cell division, as metabolic processes such as glycogen biosynthesis require that there be a considerable supply of pyrimidine nucleotides even in the absence of cellular division. Interference with this supply of pyrimidine nucleotides can lead t o pathologic changes in tissues (see below).
DEGRADATION O F PYRIMIDINES
Pyrimidines are degraded in the liver primarily t o carbon dioxide and 0-alanine. The degradative route for pyrimidine nucleotides proceeds via uracil or thymine. These two pyrimidine bases share a common degradative pathway which utilizes the same enzymes. The degradation of cytosine therefore requires prior deamination t o uracil which is accomplished by cytidine aminohydrolase (EC. 3.5.4.5). This enzyme has been found in a number of animal tissues (26, 34, 148) .
In animals degradation of pyrimidine bases proceeds by three enzymatic steps as shown in requires NADP for the reduction of uracil or thymine (56, 153 ). This enzyme is rate limiting in the degradative pathway of pyrimidines (27) , and its activity is inversely proportional t o the growth rate of liver cells and hepatomas (155) .
The dihydropyrimidinase (EC. 3.5.2.2) of liver is capable of hydrolyzation of both dihydrouracil and dihydrothymine (1 53) . The carbamyl 0-amino acids formed in this reaction are further degraded t o carbon dioxide and ammonia by ureidopropionase (EC. 3.5.1.6), which is specific for the carbamyl 0-amino acids derived from uracil and thymine (28) .
The rate of pyrimidine breakdown appears t o vary inversely with the rate of growth in mammalian cells. For example, the activities of enzymes in this pathway are low in liver of newborn animals (42) and increase with age, so that the ability of adult liver t o degrade pyrimidine bases far exceeds its ability t o utilize them for nucleic acid biosynthesis (1 18). As a result of this degradative capacity, label from tritiated thymidine or deoxycytidine is incorporated into lipid of adult liver more rapidly than into DNA (1 19, 127) .
INTERRELATION OF UREA AND PYRIMIDINE PATHWAYS:
HYPERAMMONEMIA AND OROTIC ACIDURIA Carbamyl phosphate is an initial reactant in both urea and de novo pyrimidine biosynthesis. As discussed above, there are two distinct carbamyl phosphate synthetases. The mitochondrial synthetase subserves arginine and urea biosynthesis whereas the nonmitochondrial synthetase provides carbamyl phosphate for pyrimidine biosynthesis (79, 80) . With the detection of two synthetases there was n o basis t o assume that urea and pyrimidine biosynthesis were closely linked. However, recent evidence suggests that the two carbamyl phosphate pools are not always completely compartmentalized and that carbamyl phosphate produced in liver mitochondria may become available for utilization in de novo pyrimidine biosynthesis. Natale and Tremblay (107) showed that intact isolated mitochondria from rat liver may release carbamyl phosphate which is presumably available for pyrimidine biosynthesis or other reactions (109) . Hyperammonemia occurs whenever there is a genetic defect in one of the urea cycle enzymes (32) . If the enzymatic defect also causes an accumulation of carbamyl phosphate, such as with a deficiencv of ornithine transcarbamvlase (EC. 2.1.3.3). can occur both in hereditary orotic aciduria (1 36) because of a block in de novo pyrimidine biosynthesis at the orotate phosphoribosyl transferase and orotidylate decarboxylase steps, and in urea cycle defects with h~p e r a m r n o n e m i~ (5Sj. The excretion of orotic acid i n urea cycle defects presumably occurs because mitochondria1 carbamyl phosphate which cannot be utilized for urea biosynthesis becomes available for extramitochondrial pyrimidine biosynthesis. Thus, Goldstein e t al. (55) found that excretion of orotic acid in urine parallels the blood ammonia concentration in a patient with congenital hyperammonemia due t o ornithine transcarbamylase defipyrimidine ciency (Fig. 5) .
In the last few years total parenteral nutrition ("hyperali-
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- mentation") has been introduced as a means of supplying all the nutritional requirements of patients. This method of feeding is widely used with infants, but it was shown that hyperammonemia may be a complication of total parenteral nutrition (78) . Amino acids are usually supplied by a solution of casein or fibrin hydrolysate which may contain 36,000 pg ammonia in each 100 ml solution. This concentration of ammonia would give rise to only 100 mg/kg/24 hr of urea, an amount which even a premature infant should be able t o synthesize (78, 108) . Furthermore, Heird and associates (66) have reported hyperammonemia in infants receiving total parenteral nutrition from a synthetic solution of amino acids in which the ammonia content was negligible. It may be, therefore, that hyperammonemia associated with total parenteral nutrition is secondary t o a metabolic imbalance which inhibits urea biosynthesis.
The site of the potential metabolic block in the urea cycle is not known, but we have found the orotic acid content of urine from infants on total parenteral nutrition was usually elevated during periods of hyperamrnonemia. The presence of orotic aciduria suggests that there is a block in urea biosynthesis at the ornithine transcarbamylase step. It seems likely that the enzyme is intact in such patients, so the block is presumed t o be caused either by the presence of an inhibitor of the enzyme or by a deficiency of ornithine, a substrate of the enzyme.
In support of the latter suggestion, it has recently been reported that growing rats fed a diet low in arginine developed hyperammonemia and had orotic aciduria because of a lowered availability of ornithine for urea biosynthesis (105) . In addition, Heird e t al. (66) have reported that the infusion of additional arginine relieves rapidly the hyperammonemia associated with total parenteral nutrition.
DE NOVO VERSUS REUTILIZATION PATHWAYS: POSSIBLE ROLE OF LIVER
The nucleotide requirements of different tissues may be supplied by d e novo pyrimidine and purine biosynthesis or by utilization of preformed nucleosides carried in the blood stream. Murray (1 06) has recently reviewed evidence supporting the hypothesis that the liver is the major source *of preformed purine nucleosides. These nucleosides, synthesized de novo in the liver, are transported by the circulation for utilization by other organs via the reutilization pathway. Evidence for this key role of the liver as an exporter of purines is accumulating, but investigations on pyrimidine export are limited. Nevertheless, available evidence indicates that the liver synthesizes pyrimidine nucleosides d e novo for export t o peripheral tissues. Nonhepatic tissues can incorporate blood-borne nucleosides via the reutilization pathway, although they may also synthesize pyrimidine nucleotides de novo. As mentioned previously, de novo pyrimidine biosynthesis occurs in dividing cells derived from a number of different tissues.
The major techniques employed by investigators t o infer whether a given tissue utilized the de novo or reutilization pathway have been the determination of tissue enzyme activities and measurement of the incorporation of labeled precursors into nucleic acids. The difficulty of drawing conclusions from these studies is demonstrated by measurements made with bone marrow. Studies on nucleic acid turnover in rat marrow indicated that 80% of thymine was incorporated via the reutilization pathway (40) . Bone marrow makes a considerable amount of nucleic acid available for reutilization through the extrusion of reticulocyte nuclei (14) , and it has been shown that at least 35% of the thymine liberated by bone marrow is reutilized by the marrow itself (41) . In spite of the apparent importance of the reutilization pathway, marrow has relatively high levels of activity of enzymes from the d e novo pyrimidine biosynthetic pathway, which has led t o the conclusion that this pathway could be quantitatively more important than the reutilization pathway.
Based on their incorporation studies, Hogans et al. (69) concluded that the brain normally utilizes preformed pyrimidine precursors. They isolated surgically all organs below the diaphragm from the circulation, eliminating hepatic participation. Uridine was then found t o be far more effective than orotic acid in labeling brain RNA of the rat. In contrast, Michaelis and Mandel (104) followed the incorporation of labeled precursors when injected directly into the cerebrospinal fluid. In this case there was effective labeling by orotic acid as well as uridine. Developmental patterns for enzymes required for pyrimidine nucleotide biosynthesis in rat brain suggest that de novo pyrimidine biosynthesis is important in immature animals, whereas adult brains rely primarily on the reutilization pathway (156) .
The clearest indication of the role of the liver in providing pyrimidine nucleosides for the brain comes from a beautiful series of experiments by Geiger (53) and Geiger and Yamasaki (54) . Using isolated, perfused cat brain they demonstrated that the presence of cytidine and uridine in the blood is essential for maintaining normal brain functions. Isolated, perfused cat brains show an increasing degree of anaerobic glycolysis, develop lactic acidosis and hypoglycemia, and die within 1 h r of isolation. Insertion of the liver into the circulation corrects the changes in carbohydrate metabolism and allows survival for 2-3 hr. Geiger and Yamasaki (54) showed that inclusion of the liver was unnecessary if small amounts of cytidine and uridine were included in the perfusate. Addition of these nucleosides apparently facilitated the transfer of glucose into the brain, which restored the brain lactic acid and glucose concentrations t o normal and allowed survival for 5 hr. The following pyrimidine nucleosides appear t o be required for lipid metabolism as well. Cytidine prevented or restored the loss of phosphatides, presumably by providing CDP carriers for lipid biosynthesis. Uridine prevented or restored the loss of galactolipids, presumably by providing UDP carriers for sugar biosynthesis. The ability of cytidine and uridine to replace the liver provides evidence implicating the liver in export of pyrimidine nucleosides t o the brain.
The growing fetus, with its rapid rate of cellular division, has a great demand for pyrimidine nucleotides. The origin of these nucleotides has not been established, but there is good evidence for maternal-fetal transfer of pyrimidine nucleosides. Cytidine and uridine readily traverse the placenta and label fetal nucleic acids (57, 64, 65, 91) . Rapid transfer is observed in the rat after the 17th day of gestation, a time which corresponds t o a period of rapid absolute growth when demand for pyrimidines would be high (65) . These studies also indicate that uridine may be the nucleoside species exported by the maternal liver. At 19 days of gestation, orotic acid labels maternal liver RNA, but uridine does not; the placenta and fetus are labeled by both precursors (65) . There is also a very high incorporation of orotic acid and cytidine into RNA of maternal liver as compared with uridine (Table 1) .
Gurpide et al. (57) have shown that about 40-60% of fetal blood uridine is of maternal origin. The demonstration of high rates of uridine production coupled with the large maternalfetal contribution suggest an important role for blood-borne uridine as a precursor of nucleic acids. Tseng et al. (1 50) also found a very high rate of irreversible removal of pyrimidine nucleosides from the circulation of dogs and humans, which again implicated the blood supply as an important carrier of nucleosides.
Dietary intake also provides a source of preformed pyrimidines, although they are rapidly catabolized and are not significant sources of nucleosides (1 3, 1 18). Consequently, humans can be maintained readily on base-free diets. Furthermore, isotope studies in man have demonstrated that there is significant reutilization of the nucleoside uridine, but not of the free base, uracil (157) , which suggests that dietary nucleic acids probably account for the postprandial rise in blood uridine noted by Tseng et al. (1 50) .
PYRIMIDINE METABOLISM IN MODELS OF PROLIFERATION AND DIFFERENTIATION
Pyrimidine nucleotides are involved in a variety of important pathways within the matrix of cellular biochemistry. However, their key role in nucleic acid biosynthesis has led t o many studies of the pathway in systems which are characterized by rapid cellular division.
PHYTOHEMAGGLUTININ-STIMULATED HUMAN LYMPHOCYTES
Lymphocytes can be stimulated t o transform into blast cells in the presence of phytohemagglutinin. The stimulated cells synthesize DNA and then undergo mitosis and cell division. In the lag period preceding DNA biosynthesis there is a stimulated RNA biosynthesis, but there is n o increase in activities of many of the enzymes associated with nucleic acid metabolism (97, 122) . The reutilization pathway enzyme, uridine kinase, is one of the few enzymes with stimulated level of activity reaching a peak 6-10 h r after stimulation with phytohemagglutinin (97) . Thymidine kinase activity also is stimulated, reaching a peak at a time when DNA biosynthesis is at a maximum (122) . The activities of the de novo pyrimidine pathway enzymes aspartate transcarbamylase, dihydro-orotase, orotate phosphoribosyl transferase, and orotidylate decarboxylase are not affected b y the phytohemagglutinin (98 that incorporation of radioactive carbon dioxide into the uridine nucleotide pool of lymphocytes was stimulated before RNA biosynthesis began, suggesting a n increased activity of the de novo pathway. Further, there was an increase in the activity of the glutamine-requiring carbamyl phosphate synthetase preceding the increased incorporation of labeled carbon dioxide. The increased synthetase activity could be blocked by actinomycin D. This finding is an important one in view of the fact that the activity of carbamyl phosphate synthetase is so low as t o limit the rate of de novo pyrimidine biosynthesis in normal lymphocytes. Thus the two-t o fourfold stimulation observed in the activity of this enzyme has a n important effect on the availability of pyrimidine nucleotides for nucleic acid biosynthesis (76) . Measurement of the incorporation of radioactive precursors into nucleic acids has often been used t o study the relation of pyrimidine metabolism t o cellular proliferation. The careful studies of Forsdyke (43, 44) , using phytohemagglutinin-stimulated lymphocytes, have emphasized the difficulties associated with such measurements. Forsdyke found that there were fluctuations in the size of endogenous pyrimidine pools after stimulation with phytohemagglutinin. The extent of dilution of labeled precurosr before incorporation into nucleic acids depended on culture conditions and the time which had elapsed since stimulation. Furthermore, the incorporation of orotic acid into RNA was shown t o be dependent upon the size of the endogenous pools of preformed nucleosides present in the lymphocytes and in exogenously added serum. In tbess experiments there was n o stimulation by phytohemagglutinin of incorporation of tritiated uridine and tritiated orotic acid into DNA. Uridine was incorporated readily into RNA, but orotic acid was not, particularly when uridine was also added. The incorporation of orotic acid into RNA may have been inhibited because of the presence of a phosphorylated derivative of uridine or cytidine (43) which could inhibit the conversion of orotate t o uridylate (see earlier discussion).
ISOPROTERENOL STIMULATED SALIVARY GLANDS
A single injection of the sympathomimetic amine, isoproterenol, results in a marked stimulation of DNA biosynthesis in the salivary glands of mice and rats. This is followed by increased mitotic activity and cell division (5, 7, 8) . Twenty t o 3 0 hr elapse between the time of injection and DNA biosynthesis, making this experimental model a suitable one for the study of the events that lead to DNA biosynthesis and cellular division. Many of the phenomena that occur during this lag period have been reviewed by Baserga (9) . Important events occur in the 1st hr after stimulation which are crucial for subsequent DNA biosynthesis. For example, the stimulated DNA biosynthesis is inhibited by actinomycin D given either 3 0 min before or 6 0 min after administration of isoproterenol (10) . Administration of cycloheximide in the first hours after stimulation likewise blocks the increased DNA biosynthesis (126) . Events that occur before DNA biosynthesis include an increased incorporation of radioactively labeled orotic acid and uridine into RNA (6, 10, 99, 125) , biosynthesis of acidic nuclear protein (14 I), and biosynthesis of glycolipid (38, 51) . In these stimulated salivary glands, as well as in phytohemagglutinin-stimulated lymphocytes (43), there is little or n o stimulation of the incorporation of uridine or orotic acid into DNA.
Some of the enzymes involved in pyrimidine nucleotide metabolism have been investigated in isoproterenol-stimulated salivary glands. Within the first 4 hr after injection of isoproterenol there is an elevation of activity of the first two enzymes of the de novo pyrimidine pathway, carbamyl phosphate synthetase and aspartate transcarbamylase (123) . This increased enzyme activity is found at a time when there is a maximum incorporation of orotic acid into RNA. The activity of uridine kinase is elevated at the same time that there is maximal incorporation of uridine into RNA. The importance of the elevated de novo pathway activity for the DNA biosynthesis was demonstrated by inhibiting orotidylate decarboxylase with 6-azauridine. It was shown that thymidine incorporation into DNA was almost completely blocked with an amount of inhibitor adequate t o completely block orotic acid incorporation into RNA, but insufficient t o block uridine incorporation into RNA (1 23). These experiments indicate the importance of the de novo pyrimidine pathway as a source of precursors for RNA biosynthesis. This newly synthesized RNA is then required for subsequent biosynthesis of DNA.
In addition t o its effect on de novo pyrimidine activity, isoproterenol also results in increased activities of thymidine kinase, thymidylate kinase, and DNA polymerase, although these enzymes attain maximum activities at approximately the same time that DNA biosynthesis takes place (9) .
INTESTINE
Intestinal crypt cells show one of the highest rates of cellular proliferation found in mammalian tissues (67) . After division in the crypt, cells migrate up the villus, during which time they develop the anatomic and biochemical characteristics of mature intestinal cells. It is possible to prepare serial slices of intestine, from crypt t o villus, and subject those slices t o histologic and biochemical study. The transformation of proliferating cells into differentiated cells can then be characterized by studying enzymes involved in pyrimidine biosynthesis and those involved in intestinal digestion. In the crypt, one finds high activity of enzymes from both d e novo and reutilization pathways. Activity decreases along the villus t o a minimum at the tip (3 1, 44, 67, 72, 149) . Conversely, enzymes typically associated with the differentiated intestinal cell increase from the crypt t o the villus (44) . A typical pattern is shown in Figure 6 .
A compensatory increase in villus length occurs in patients who have undergone resection of a large part of the small bowel. Consequently, there is increased activity of functional enzymes such as lactase, sucrase, and maltase and an amelioration of the "short gut syndrome" (162) . There is a definite increase in cellular proliferation and of cellular migration. Patients with celiac disease also seem t o have increased intestinal proliferative activity, with an increase in activity of enzymes of the d e novo pyrimidine pathway (3 1).
Neoplastic lesions of the colon demonstrate an enzyme pattern limited normally t o the proliferating cells of the crypts (149). Fig. 6 . Topographic distribution of enzymic activities in different regions of the rat jejunum. Enzyme assays were carried out on hpmogenates of tissue obtained by serial sectioning of the jejunum using a cryostat. This figure is reproduced from Fortin-Magana et al. (45) with permission of the authors and publisher. Copyright 1970 by the American Association for the Advancement of Science.
REGENERATING LIVER
After partial hepatectomy, there is a 24-hr lag before cell division occurs. A number of studies have attempted t o elucidate the events that occur during this lag period. DNA biosynthesis occurs after some 12-39 hr, followed 6-8 h r later by mitosis. The activity of a number of enzymes rises with the increase in DNA biosynthesis. For example, thymidine kinase activity increases with DNA biosynthesis (17) and so does the activity of a species of DNA polymerase (1 13). After partial hepatectomy there is a rapid change in RNA metabolism. For example, incorporation of radioactive orotic acid into RNA reaches a peak at 5 h r (50) . This RNA biosynthesis is required for later cell division; inasmuch as DNA biosynthesis is prevented by p-fluorophenylalanine and actinomycin D (50) . A feature of the RNA biosynthesis is that most of the newly formed RNA is found in the nucleus (50), as is the RNA made by kidney cortex cells after explantation (95) , and by salivary glands after stimulation with isoproterenol (6, 123) .
Despite the rapid changes in RNA synthesis which result from partial hepatectomy, aspartate transcarbamylase and dihydroorotase d o not increase until 12-24 h r after partial hepatectomy. Although orotate phosphoribosyl transferase and orotidylate decarboxylase activities increased within 2 hr (18), Fausto (39) found that these enzymes are not rate-limiting for RNA biosynthesis in regenerating liver. Enzymes of the reutilization pathway of pyrimidine biosynthesis, such as uridine kinase, uridine phosphorylase, and deoxyuridine kinase also increased in activity after partial hepatectomy, but again, the stimulation was not observed until at least 24 hr after surgery (133) .
Thus, although many of the events preceding cell division in regenerating rat liver are known, the mechanism by which the pyrimidine nucleotides required for early RNA biosynthesis in this tissue are synthesized is still unclear. The time course of stimulation of enzymes studied does not correlate with the biosynthesis of these nucleotides. However, it should be noted that the enzyme likely t o be rate-limiting for d e novo pyrimidine biosynthesis, the glutamine-requiring carbamyl phosphate synthetase, has not been measured in regenerating liver.
NEOPLASIA
The transformation of cells into the neoplastic state is usually characterized by slow displacement in the molecular constitution. In general, rate-limiting enzymes show the greatest change, but all enzymes of nucleic acid biosynthesis tend t o increase in activity while those involved in nucleic acid degradation tend t o decrease (154) . The ratio of opposing pathways characteristically changes as the rate of tissue growth changes. For example, the ratio of thymidine incorporation t o thymidine degradation increases with the growth rate of a series of hepatomas (42) . Also, the decreased activity of the rate-limiting enzyme in thymidine degradation, dihydrouracil dehydrogenase, significantly correlates with growth rate in a series of hepatomas (1 12, 121) .
Many enzymes involved in pyrimidine biosynthesis and degradation show the expected changes with different growth rates (154, 155) . The activity of aspartate transcarbamylase correlates positively with the growth rate of normal tissues (52, 96, 164) , and with a series of neoplasms with varying growth rates (21, 25, 112, 142) . The glutamine-requiring carbamyl phosphate synthetase is correlated with the mitotic index in normal tissue, and also with the growth rates of a series of tumors (74, 163) . Similar relations have been reported for other enzymes in the synthetic pathway (20, 93, 1 16, 142) . Conversely, enzymes in the degradative pathway show a negative correlation with growth rate (21, 42, 121, 138, 155 ).
There does not appear t o be a single, unique enzyme which establishes the virulence of neoplastic growth. Instead, the gradual replacement of normal enzyme patterns by those characteristic of neoplasia correlates with the virulence of the tumor (88, 155) . Knox (88) has emphasized that one must examine the pattern formed by a variety of cellular proteins in order t o make meaningful comparisons between biologically distinct cells. Using a given reference tissue (e.g., adult liver for hepatomas) a number can be derived statistically which provides a quantitative measure of the difference between tissues. A gradual progression in pattern is observed: less differentiated tumors resembling each other more than the parent tissue; differentiated tumors resemble the parent tissue more than themselves (Fig. 7) (88) . These models of proliferation provide examples of the two paradigms often utilized t o define the biologic significance of pyrimidine biosynthesis. The first, or correlative paradigm, seeks t o correlate biologic behavior with the molecular constitution of a cell. The possibility of identifying a key controlling enzyme in cancer cells led t o the measurement of many enzyme activities in neoplasms of varying growth rates. However, virtually all enzymes studied have varied in a manner consistent with rate of tissue growth. Biologically it seems as valuable t o emphasize the characteristic pattern of changes in pyrimidine metabolism seen in neoplasia, as t o search for a unique factor which would explain the behavior of tumors.
The second, or developmental paradigm, emphasizes the temporal relation of genetic events which control the molecular machinery of dividing cells. Careful studies of the sequence of events which occur before cell division have begun t o delineate the role of pyrimidine biosynthesis in cellular proliferation. In model mammalian systems, brief interference with protein synthesis or enzyme activity may prevent later cellular division.
PHARMACOLOGIC PROPERTIES O F OROTIC ACID
Studies of hereditary orotic aciduria have yielded important information concerning de novo pyrimidine biosynthesis (136) and control mechanisms of this pathway in higher organisms. Heriditary orotic aciduria is rare, although orotic aciduria is found commonly in patients receiving the anti-gout drug, allopurinol. Allopurinol is useful in treating gout because the Fig. 7 . Convergent patterns of undifferentiated tumors. The diagram shows the calculated distances between enzymic compositions (21 unselected components) of adult liver and virgin mammary gland, differentiated hepatoma and mammary adenocarcinoma 7A, and undifferentiated hepatoma and mammary carcinoma 5A. Distances between tumors of the two tissues are significantly less than between the parent tissues (P values shown). Redrawn from Knox (88) with permission of the author and,publisher. drug decreases uric acid production by inhibiting xanthine oxidase (EC. 1.2.3.2), but it has been discovered recently that metabolites of the drug also inhibit de novo pyrimidine biosynthesis. Allopurinol causes an excretion of orotic acid and orotidine in a pattern similar t o that found in a variant of hereditary orotic aciduria in which only orotidylate decarboxylase activity is low (46, 84, 139) . This observation suggests that allopurinol acts by inhibiting the decarboxylase (46, 48) , probably through the conversion of allopurinol t o oxypurinol (1 1).
MAMMARY GLAND
Orotic acid may have a variety of clinical effects. The purported pharmacologic uses of orotic acid are numerous (30) . Orotic acid has been claimed t o increase the rate of regeneration after myocardial infarction; t o counteract galactose-induced cataract and aid in the management of galactosemia; t o nullify the diabetogenic action of alloxan; and t o have an anti-inflammatory action in gouty arthritis similar t o colchicine. The usefulness of allopurinol in gout could depend in part upon this last action of orotic acid.
Pyrimidine nucleotides are required as carriers of sugars and lipids. This may account for other pharmacologic effects of orotic acid. For example, orotic acid has significant protective effects on the liver. A low dose mixture of hepatotoxic substances (carbon tetrachloride, chlorophenothane, and 9,lO-dimethyl-l,2-benzanthracene) causes pathologic liver changes when fed t o rats for 4 months. The changes are prevented by the addition of orotic acid to the diet (1 15).
Small doses of d-galactosamine can induce a viral-like hepatitis. The rate-limiting step in the disposal of galactosamine involves the formation of UDP-galactosamine. The step appears t o be limited not by the activity of the enzyme involved but by the availability of uridine nucleotides: The uridylate pool drops after the administration of galactosamine, and this decrease may be the cause of the hepatitis (37) . The fall in the concentration of uridylate can be prevented by administration of orotic acid; hepatitis then does not develop.
The limited ability of neonates t o conjugate bilirubin has been attributed generally t o the limited activity of glucuronyl transferase (EC. 2.4.1.17). However, as in the case of galactosamine hepatitis, it is possible that UTP required for the formation of the substrate, UDP-glucuronic acid, is limiting, but the available experimental evidence is conflicting.
The involvement of orotic acid in hepatic metabolism is further corroborated by evidence that oral administration of orotic acid has a marked effect on lipid metabolism and a t certain doses produces a severe fatty liver in rats. Standerfer and Handler (140) originally described the marked fatty infiltration caused by the addition of orotic acid t o the diet of rats. The usual lipotropic agents such as folic acid, vitamin B i z , methionine, and choline could not prevent the infiltration. Weanling rats fed a defined diet plus 1% orotic acid rapidly showed marked changes in hepatic nucleotides and fat content (62, 152) . After only 10 days on the diet, uridine nucleotides were increased fourfold and fat content was increased over threefold. The liver content of adenine nucleotides was decreased by 5076, and supplementation of the diet with 0.25% adenine sulfate completely prevented development of the fatty liver. The decrease in hepatic adenine nucleotide content was found t o be caused by a stimulated purine turnover, with degradation predominating over synthesis (159) . Allopurinol can restore the normal composition of the purine and pyrimidine pools and preve t the induction of fatty liver by orotic acid, apparently by inhkiting xanthine oxidase and orotidylate decarboxylase (1 59). The orotic acid does not appear t o have any permanent harmful effects, as even after 2 years the fatty liver can be reversed within 7 days by stopping the orotic acid supplementation or by adding adenine t o the diet (158) . The fatty liver is caused by a blockade of triglyceride and betalipoprotein efflux from the liver. This phenomenon is limited t o the liver; intestinal production and transport of triglycerides and betalipoproteins are unaffected (49, 158) .
The normal dietary content of orotic acid in not known, but it is present in high concentration in the milk of ruminants. Orotic acid is synthesized by the mammary cell (29, 92) , and is secreted in milk resulting in levels of about 8.3 mg/100 ml (6 1, 11 1) . In powdered milk the orotic acid level is about 130 mg/100 g (1 1 l ) , so that a powdered milk diet could reach 0.125% orotic acid. Minor effects on rat liver nucleotide pools and adenine deaminase can be seen with diets containing as little as 0.001% orotic acid (100, 101) , and a diet with 0.2% doubled the liver fat content (140) . The effects of orotic acid vary from species t o species; although rats are susceptible t o development of fatty liver, mice, chicks, and monkeys are not (15 1). Furthermore, although cow's milk has a high orotic acid content, calcium and lactose seem t o protect against development of fatty liver (62) . If these components are given t o rats in the proportions found in milk, n o fatty liver develops with administration of the orotic acid diet (89, 124) .
Orotic acid appears to affect purine and lipoprotein metabolism in man in a manner qualitatively similar t o that in the rat. Kelley et a1 (85) studied the effect of orotic acid fed t o humans. Patients received 6 g orotic acid124 hr for about 7 days, a dose comparable t o that used in the studies with the rat. There was a prompt uricosuric effect and a decrease in de novo purine biosynthesis. The PRPP content of erythrocytes was decreased. Orotic acid also led t o a modest decrease in plasma cholesterol, triglycerides, prebetalipoproteins, and betalipoproteins. These clinical effects are similar t o those observed in patients receiving 6-azauridine, a drug which inhibits orotidylate decarboxylase and causes orotic aciduria and orotidinuria. Patients who receive the drug have a marked uricosuria, caused at least in part by the increased levels of orotic acid (38) . These patients also show a pronounced decrease in serum cholesterol (24) . It is clear from these limited studies that orotic acid has a variety of clinical effects in man. These effects may differ depending on whether orotic acid is supplied exogenously or whether the concentration in blood is increased by allopurinol, 6-azauridine, or hyperammonemia. In addition, developmental differences may cause differing effects in premature infants and adults.
CONCLUSION
Most of the enzymes which participate in pyrimidine biosynthesis have been studied extensively in vitro, but characteristics of in vivo control mechanisms of these pathways remain sketchy. Much emphasis has been given to the role of pyrimidine biosynthesis in systems which exhibit rapid cellular proliferation. These studies reveal that rapidly dividing cells demonstrate characteristic patterns of enzyme activities which are different from the patterns observed in nondividing systems. Nondividing tissues have usually differentiated t o form specialized organs with particular functions. The pattern of enzyme activities also reflects this specialization.
More recently, the intimate involvement of pyrimidine compounds in other areas of cellular physiology, including carbohydrate, lipid, bilirubin, and membrane metabolism, has been recognized. There are suggestions that liver may play an important role in regulating the pyrimidine nucleosides in blood. Pathologic processes, inborn errors of metabolism, and iatrogenic intervention may alter the normal flux of pyrimidines through many metabolic pathways. These alterations are now being recognized clinically and should form the basis for rational pharmacologic intervention t o produce desired changes in pyrimidine metabolism.
